Recent results of line emission at 3.5 keV in both individual and stacked X-ray spectra of galaxy clusters has been speculated to have dark matter origin. We analyse Chandra X-ray observations of the Milky Way where, if the origin is indeed dark matter, such a line should be very strong. We find no clear evidence for its presence but the results are strongly dependent on the assumptions about the astrophysical sources, that goes into the spectral modelling. For the most conservative assumptions the Milky Way observations are consistent with a line at 3.5 keV but when excluding known emission lines, the allowed extra emission significantly decreases and rules out the predicted line at 95% confidence level. We present flux limits and interpretations for various scenarios (decaying and annihilating dark matter).
I. INTRODUCTION
Recent results by Bulbul et al.
[1] and Boyarsky et al. [2] show an excess of emission around ≈ 3.5 keV in both individual and stacked X-ray spectra of galaxy clusters. The spectral shape is consistent with mono-energetic line emission. There are no obvious astrophysical origins and alternative options such as dark matter has been considered [1] [2] [3] [4] [5] [6] [7] [8] . If this is the case, it should also be emitted in the Milky Way providing a nearby consistency check. We analyse stacked X-ray spectra towards the Milky Way Centre to look for such a line but find no clear evidence for its existence. The analysed data is described in Sec. II and the spectral modelling in Sec. III. In Sec. IV we present a conservative determination of the observed mass within the field of view, before we present general constraints on flux and decay rate for both decaying and annihilating dark matter in Sec. V and more specific constraints on sterile neutrinos in Sec. VI
II. DATA
We use a number of publicly available 1 Chandra Xray observations of the region within 20 arcmin of Sgr A* located at (RA, Dec) = (17 h 45 m 40.0409 s, -29°0 28.118 ) corresponding to galactic coordinates (l, b) = (359.944°, −0.04605°). The observation identification numbers (Obs ID) and exposure times are listed in Tab. I. All the selected exposures are observed with the ACIS I0-I3 chips and consequently the total field of view is a square of 16.8 arcmin×16.8 arcmin. The raw data were processed chip-by-chip using the software package, ciao, 2 following the ACIS data analysis guide. 3 In brief the steps are: Reprocessing: The files are reprocessed to ensure the application of the most up-to-date calibration database (Caldb) and to set the observation specific bad pixel file so cosmic rays etc. are excluded from the analysis. All observations were taken in faint mode, which uses a 3×3 pixel island to grade the events for bad pixel exclusion.
Source region selection: For each chip we avoid the edges by cutting a square of 8 arcmin×8 arcmin. We also exclude a circle with radius of 2.5 arcmin around Sgr A* as demonstrated in Fig. 1 .
Point source removal and deflaring: Point sources were removed from the images using the wavdetect routine in ciao. Likewise we removed periods with flaring activity where the flux exceeded ±3σ of the mean.
Background selection: We do not remove any background from the observations, but rather add the line emission visible in observations taken with the telescope in the stowed position ("lid on") to the model later (denoted "instrumental lines" in Tab. II).
Spectrum extraction: The spectra were extracted for the source regions described above as well as the instrumental response files necessary to perform the analysis in physical units and to compensate for a non-uniform effective collecting area on the detector.
Stacking:
The spectra are weighted and stacked using the combine spectra routine in ciao. The resulting stacked spectrum of all four chips is showed in Fig. 2 
III. SPECTRUM MODELLING
Modelling the astrophysical X-ray emission of the Milky Way centre is notoriously difficult because many sources contribute with a range of different signatures [9] that may hide the line we're looking for. Consequently we explore different assumptions when constraining the allowed excess line emission flux. The base for our explorations is a line-free apec model [10] combined with a power law and a Gaussian at 9.7 keV to mimic residual detector background. This model is pre-fitted to intervals that appear line-free (2.01−2.2 keV, 5.5−5.6 keV, 8.5−9.0 keV), before we add known instrumental lines and metal emission lines with emissivities larger than 5 × 10 −19 photons cm −3 sec −1 (for a plasma temperature of 2 keV) as listed in Tab. II [same metal lines as in 1]. The central value of the emission lines are allowed to "budge" by 0.01 keV in the fit to account for uncertainties and mis-calibrations in the spectra. The widths are assumed to be unresolved (but we have checked that allowing for broadening up to 0.1 keV does not improve the fit quality). We remove those lines that do not change the best fit χ 2 (marked in Tab. II). On top of the best fit base model we add an unresolved Gaussian to account for non-astrophysical line emission. For each central energy in 0.05 keV steps, we fit the model to the stacked spectrum, and then increase the normalisation of the additional Gaussian until ∆χ 2 = χ 2 (norm) − χ 2 (best fit) = 4 corresponding to the upper 95% confidence level for one degree of freedom (the normalisation). The line flux is calculated in bins of Full Width Half Max (FWHM) of the spectral resolution around the central value approximated by [11] ∆E F W HM = 0.012E γ + 0.12 keV .
We consider two energy intervals for the base model fit namely the broad interval of 2.0 − 9.0 keV, and the narrower interval of 3.0 − 6.0 keV. For the base model the best fit χ 2 s are 5.2 and 1.7 for the broad and narrow intervals respectively. The major contribution to the χ 2 of the broad interval comes from the emission line dominated energies below 3 keV. For each energy we then consider two different constraints: a) the entire flux in all Gaussians including metals and instrumental lines, and b) the flux in the additional line only. The former is a very conservative limit as we know some of the line flux can have astrophysical origin, but it takes into account the risk of a non-astrophysical line hiding under an astrophysical emission line. The latter is much less conservative and does not take the "hiding" effect into account but assumes that all line emission at the metal line energies origin from the metals. The resulting flux limits are shown in Fig. 3 .
IV. MASS WITHIN FIELD OF VIEW
The dark matter emission scales with the amount of dark matter within the observed field of view. We calculate the mass within the field of view as the integral along the line of sight within a 16 arcmin×16 arcmin square, assuming the density variation over this region to be negligible. We subtract the area of a circle with radius of 2.5 arcmin to account for the removed region around Sgr A* (8%) and an additional 7% to account for the removed point sources. For the dark matter density profile as a function of radius (r), we conservatively use an Einasto profile [13] 
where r s = 21 kpc is the scale radius, ρ = 0.4 GeV kpc −3 = 10.5 × 10 6 M kpc −3 is the density at the solar radius r = 8.3 kpc from the galactic centre, and α = 0.17 [14] . This gives a total mass within the field of view of M fov = 2.8 × 10
6 M with a mass-weighted average distance of D avg = 8.9 kpc. For annihilating dark matter or scattering processes, the probability is proportional to the integral over density squared rather than density, leading to 5.9 × 10 15 M 2 kpc −3 at 8 kpc. Simulations indicate that the dark matter profiles may be steeper than the Einasto profile. If we instead use a Navarro-Frenk-While (NFW) profile [15] ρ DM (r) = ρ r 1 + with same local density and scale radius as above, the total mass within the field of view becomes M fov = 2.5 × 10 6 M with a weighted average distance of D avg = 9.1 kpc and for density squared we get 8.5 × 10 15 M 2 kpc −3 at 8 kpc. For decaying dark matter, the ratios of M fov /D 2 avg differ by less than one per mille for the two profiles while it is more significant for the density squared.
V. GENERAL CONSTRAINTS
In Fig. 3 (left) we present the general flux constraints on line emission and non-astrophysical line emission near Sgr A*. These constraints apply to all dark matter candidates with mono-energetic photon emission proportional to the density whether from decay or other processes. For decays, the probability is proportional to density while for annihilation like processes the interaction requires two particles and the probability is proportional to density squared. This includes scattering processes.
A. Decay like dark matter
The allowed decay rate leading to photon emission is shown in Fig. 3 (right) for one photon per decay. For twophoton interactions, the constraints are a factor of two stronger. Similarly for particles of Majorana type where the particles are their own anti-particles, the interaction probability doubles and the constraints are strengthened by a factor of two. 
B. Annihilation like dark matter
For annihilating dark matter, the local flux is given by
where m is the particle mass, N γ is the number of photons per interaction, E γ is the photon energy, σ is the interaction cross section, v(r) is the velocity distribution of the dark matter as a function of radius and the integral is over the observed volume. For a back-of-the-envelope calculation we assume two photons with E γ = m/2 per annihilation and that < σv > is independent of radius.
Reordering and converting units we get
The resulting constraint is plotted in Fig. 4 .
VI. CONSTRAINTS ON STERILE NEUTRINOS
The sterile neutrino is a strong particle candidate for dark matter viable with or without Super Symmetry or Universal Extra Dimensions. With just three sterile neutrinos (gauge singlets), one can obtain the correct abundance of dark matter, a very simple explanation for the observed flavour oscillations and mass splittings of the active neutrinos, and a natural explanation for the baryon asymmetry [16] [17] [18] [19] [20] [21] [22] . The underlying particle model, called the νMSM, is described in detail in a number of papers [20, 21, [23] [24] [25] [26] [27] [28] , and recent reviews [29] [30] [31] . Additionally, the sterile neutrino may have interesting effects on a range of astrophysical objects, e. g. as an explanation for pulsar kick velocities, facilitating core collapse supernova explosions, affecting early star formation, reionization and structure formation, or assisting inflation [24, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . The lightest of the three sterile neutrinos provides a perfect dark matter candidate. The two free parameters of mass, m s , and mixing angle with the active neutrinos, sin 2 (2θ), are unconstrained from particle physics, but various observations have already excluded large parts of this parameter space (see Fig. 5 ).
The mass is firmly bound from below through the phase space density of nearby dwarf galaxies. The TremaineGunn bound [44] gives a model independent boundary of roughly 0.4 keV [45] . This limit can be increased if the production method is known, and e. g. for the resonant production the boundary is approximately 1 keV [45] .
Observations of small scale structure from e. g. the Lyman α forest can provide limits on the mass if the velocity distribution is known [46] [47] [48] [49] . The velocity distribu- tion of the sterile neutrinos depends on their production mechanism in the early Universe, and while the originally proposed non-resonant production [16] is ruled out, in general masses above m s = 2 keV are allowed [50] . An alternative mechanism is a resonant production [17] , which requires a large initial lepton asymmetry [18, 51] . However, the lepton asymmetry cannot be so large that it violates Big Bang Nucleosynthesis, and consequently there is a strong lower limit on the mixing angle to produce enough sterile neutrinos to account for the observed dark matter density [26] . The sterile neutrinos can also be produced at the electro-weak scale by decays of a gauge singlet Higgs boson [30] , or from their couplings to e. g. the inflaton [24] . The sterile neutrinos can decay via a one-loop diagram to an active neutrino and a photon. Since the two-body decay takes place almost at rest (v/c ≈ 10 −3 for galaxies), the decay line is very narrow and easily searched for in X-ray and soft gamma-ray observations. The fluxes are converted to constraints in the m s − sin 2 (2θ) parameter space for sterile neutrinos of the Majorana type, assuming the sterile neutrinos to account for all of the dark matter in the observed field of view [52, 53] :
where F obs is the observed flux limit, M fov is the total dark matter mass within the field of view, and D L,i is the luminosity distance.
The 0.3−12 keV range is constrained from various objects observed with the Chandra and XMM-Newton X-ray telescopes [45, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . In Fig. 5 we show the strongest robust constraints from XMM-Newton observations of the Milky Way and M31 [58] and from Chandra observations of the Draco dwarf galaxy [59] . Some analyses have claimed stronger constraints, but were later found to be too optimistic [45, 55, 56, 58, [63] [64] [65] [66] . The higher energy range of 3 − 48 keV has been constrained from the diffuse X-ray background observed with HEAO [54] . These constraints only depend on the amount and current properties of observed dark matter and are thus independent of the production mechanism.
Even the most conservative of the new constraints presented here do improve on previous constraints, and for the narrow interval the improvement is up to two orders of magnitude in flux. The green circle represents the inferred mass and mixing angle from Bulbul et al.
[1] and the green shaded region is the Boyarsky et al. [2] result. Both results are allowed by the broad interval analysis when including all line emission flux but excluded at 95% confidence for the narrow interval analysis.
VII. CONCLUSIONS
The Milky Way data does not clearly show the emission line detected in galaxy cluster spectra. The constraints on the allowed X-ray line emission flux are sensitive to the modelling of astrophysical emission lines but even in the most conservative case, they improve on previous constraints by up to two orders of magnitude. If one consider the narrow 3 − 6 keV interval sufficient for modelling the continuum flux around Sgr A* (similar to the one used for clusters in Bulbul et al.
[1]), the cluster signal is ruled out for decaying dark matter like sterile neutrinos ACKNOWLEDGMENTS Thanks to Steen H. Hansen, Yassaman Farzan and Neal Weiner for inspiring discussions. SRS would like to thank NORDITA for hosting the News in Neutrino Physics 2014 workshop during which most of the analysis was carried out. Da rk ma tte r ov er pr od uc tio n FIG. 5. Mass-mixing angle constraints on sterile neutrino like dark matter candidates. Above/below the dashed black lines the sterile neutrinos will be over/under produced relative to the observed dark matter density [22, 26] . The grey shaded regions are X-ray exclusion lines from XMM-Newton and Chandra observations [54, 58, 59 , with the first rescaled by a factor of two due to mass estimate uncertainties as recommended in Boyarsky et al. [29] ] and the coloured regions is the parameter space ruled out by the results presented here. The cyan lines are for the case where the entire 2-9 keV interval is modelled, and the purple lines are for the 3-6 keV interval. The solid lines are the total flux in line emission (including astrophysical lines) and for the dotted lines both the continuum and the astrophysical lines in Tab. II have been excluded.
